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major  warming,  including  the  magnitudes of zonal mean easterlies and temperature increases, 

and  the 3D evolution of the flow. . .  
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Puwson and huajokui,' 1999, 'and references therein].  The Dec 1998 warming was also the 

second earliest on record. The earliest, and the only other major warming on record before  the 
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end of Dec,  was in early  Dec 1987; prior to  that,  the  earliest was  in late Declearly Jan 1984-85 

[Baldwin andDunkerton, 19891. The 1984-85 and 1987 warmings resulted in the warmest and 

weakest lower stratospheric polar vortices in the 20 years before 1998-99 [Zurek et ul., 19961. 

Fig.  1 compares temperatures and  vortex strength  in 1998-99 with those in  the previous 20 

years, using the US National Center for  Environmental Prediction (NCEP) record; 1987-88 
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and 1984-85 are also  highlighted.  The Dec 1998  warming 'had a  more pronounced effect on 

mid-stratospheric,temperatures than the  Dec 1987  warming (Fig. la), although smaller than 

that of warmings later in winter  (e.g.,  1984-85).  10-hPa temperatures fell well below average- 

- again in late Jan 1999 and remained unusually low until an early  final  warming began in late 

Feb. 840 K PV gradients (Fig. IC) set a record minimum in  Jan 1999, but  were near average 

in Feb before the final warming.  The effect of the Dec 1998 warming on lower stratospheric 

tr-nperatures was comparable 1 ;. to that of other major warmings; there was a brief period of 

record-high minimum  46-hPa temperatures in early Jan 1999 (Fig. lb), and temperatures then 

fell  to near average for a sho,rt period in mid-Feb. Lower stratospheric PV gradients were 

the weakest on record dGring  .the 1998-99 winter  (Fig. Id). The evolution of the vortex and 

minimum temperatures'~'@xhg~~l998-99 was remarkably similar to  that during 1987-88, the 

only previous year when a  major warming  was observed before the end of Dec. 
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A 3D, primitive-equation model with lower boundary forcing from observations in the 

lower stratosphere was used to  simulate the Dec  1998 major stratospheric warming. We 

present here a  description of  the  Dec 1998 warming and initial comparisons of the simulations 

with data. The successful simulatior, of the unusual early major warming in Dec 1998 will 



cold bias. To examine  sensitivity  to details of initialization and boundary fields, simulations 

were also done  using NCEP analyses (with winds calculated from the geopotential heights) 

for initialization, one  using  the  NCEP  data for lower boundary forcing as well, and the  other ' 

using the UKMO data  for  boundary forcing. The sPV shown here was calculated from UKMO 

\ 

winds and temperatures and  scaled in "vorticity units" [e.g., Baldwin  and Dunkerton, 1989; 

Manney  et  al., 1994al. 

The UK Universities Global Atmospheric Modelling Project (UGAMP) Stratosphere- 

Mesosphere  model (USMM) [Thuburn and Brugge, 19941, configured as'described  by Mote 

et nl. [1998], was used  to  simulate the warming. A T42 truncation (-3 Ix.3'i I ' '  horizontal 

resolution) was used with 34 levels in the vertical ("1.6 km vertical resolution) and a  lower * 

boundary at 100 hPa. The USMM was run with online transport calculations_[ihburn and 

Brugge, 19941. Model PV was calculated with a different algorithm than that.used  for  the 

UKMO and NCEP  data. The model  was initialized  on 5 Dec 1998,;with daily gedpotential 

heights from UKMO or NCEP as the lower boundary forcing. . ) .  
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Results 

At 10 hPa, zonal mean easterlies first appeared at  60"N on'15 Dec  in the UKMO  data, 

-1 d after the temperature gradient north of 60" changed sign (Fig. 2a,c). Both  events 





The USMM vortex fragments remained farther off the pole, and temperatures higher over 

the pole, for several days  in  each of the  runs,  resulting in more prolonged zonal mean wind 

and temperature gradient  reversals (e.g., Fig. 2) .  By 3 1 Dec, the. observed vortex fragments 

rejoined near the pole, and  the modeled vortex fragments were in the process.of . ;.:: doing so. 

By 8 Jan (Fig. 3e), there  was again a  vortedAleutian high pattern with 1ower.femperatures 

over the pole, but the  vortex  was much smaller and weaker than before the yarming. T'iie 
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NCEP-initialized runs  both had a  morphology somewhat closer to  thedata on 8 Jan, but 

the run with NCEP boundary  forcing had a  weaker vortex. By 14 Jani._all USMM runs had 
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morphology  very similar  to  the data. 
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In the lower stratosphere (Fig. 4),  the  effects of the warming appeared later,,with 

significant disruption of the vortex beginning around 23 Dec (Fig. 4b) h d  strong  disruption 
, .  , 

continuing through mid-Jan (e.g., Fig. 4c). Temperature gradients in the lower stratosphere 

became very weak, and  a significant region of  low polar temperatures did not reappear until 

after mid-Jan. The USMM vortex remained slightly  stronger than that in the UKMO data; all 
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symmetric, and pole;centere&,The e " ' , .  ,.. - . USMM  upper  stratospheric vortex became weaker than 

that  in the UKMO  data (Fig:.Sb), but by 8 Jan  was again slightly stronger  than  in  the  data. 

The upper stratospheric vortex in the NCEP-initialized USMM runs remained too strong 

throughout  the warming and high temperatures  were centered -60" west of those  in  the  data 

around 16 Dec. 
% 

Comparison  of Figs. 4a, 3b, and 5a  shows a strong westward tilt of the vortex with 

height.  Before  the warming, there was -180' westward tilt of the vortex over the depth 

of the stratosphere (Fig. 6a). After -16 Dec  (Fig.  6b),  the westward tilt diminished;  by 

25 Dec (Fig. 6c) the vortex was nearly vertical  and remained so until mid-Jan. A strong 

westward tilt prior  to major warnings, decreasing  after  the peak, has  been previously reported 

[e.g., Baldwin  and  Dunkerton, 1989; Manney  et al., 1994b, and references therein]. The 

cross-sections in Fig. 6 are sensitive to slight  differences in vortex position, thus emphasizing 

differences between the USMM and the UKMO data. Fig. 7 shows the  3D vortex structure 

on 16 Dec. To emphasize the overall similarity, and because of small  biases between UKMO 

and USP,IM sPV, we'use different sPV contours  for  the USMM  and UKMO isosurfaces. 

Fig. 7 shows that the model captures  the  overall  3D  structure of the vortex and the degree to 

which the vortex was disrupted . .  during  the  warming.  At  the peak of the warming (Figs. 6b, 

7), the mid-stratbsphericivoitex .was stretched  out  south of  60"N around the pole-centered 

anticyclone  (Figs. 3c,d);-the  two ends of this  connect with more localized vortices in the 

lower and upper stratosphere at kl20"E (Fig. 4a)  and -300"E (Fig. 5a). Remarkably similar 

3D vortex structure was seen during the Dec 1987  major warming [Baldwin  and  Dunkerton, 
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19891. Despite differences in the details of synoptic  structure, the overall structure of the 

vortex shown in  Fig. 7 was very similar  in  the NCEP-driven runs. 



bore a strong resemblance to that during 1987-88, the only other  year  on record with L major 

warming before the end of Dec. 3D mechanistic model simulations of the Dec 1998 major 

. .. . .  

warming reproduced the overall evolution of the stratospheric flow, including peak 10-hPa 

zonal mean easterlies of "25 m/s and  10-hPa zonal mean temperature increases of -45 K. 

Although the modeled mid-stratospheric  vortex remained somewhat  too strong, and there 
, '  

were differences in  detail  between  model  runs, the main features of the 3D synoptic evolution 

of the vortex were reproduced in each  simulation. These simulations  will be used for further, 

more detailed studies of the  unusual  Dec 1998 major warming, and  its effects on transport. 
.-  
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Figure 1. Minimum NCEF? ,temperatures (K) north of 40"N at (a) 10  hPa and (b) 46 hPa; 

maximum sPV gradients withcrespect to  equivalent  latitude (10-6[deg s1-l) [Munney et ul., 

1994al at  (c) 840 K and (d) 465 K. Shading  shows  the envelope for 1978-79 to 1997-98, thin 

white  line the average for those  years.  Thin green and blue lines show 1984-85 and 1987-88, 

respectively; thick black line  shows 1998-99. 
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Figure 2. Time-series of zonal mean winds (a, by  e, f) and temperatures (c, d, g, h) as a  function 

of  latitude at 10  hPa (a-d) and as a  function of pressure at 60"N (e-h),  from  (left) UKMO data 

and (right) the USMM run with UKMO  initial  and lower boundary fields. -5 to 0 m/s is shaded 

in a,'b; - 10 to 0 m/s in e, f. 2 12 to 215 K is  lightly  shaded, and 236  to  239 K darkly shaded, in 

c, d; 2 15 to  2 18 K is lightly shaded, and 242  to  245 K darkly shaded, in g,  h. 
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Figure 3. 840 K sPV s-l) maps  from  UKMO (left) and  USMM (right). Temperature 

contours from 200 to  260 (by 10) K are overlaid in white.  The projection is orthographic, with 

0"E at the bottom and 900E to the right. The plots  are from 0" to  90"N, with dashed lines at 

30" and 60"N. . .  .(' , . . ' 
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Figure 7. Isosurfaces of sPV from 

x s-l surface is shown for the 

The vertical range  is 450-1 600 K. 
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